served that there is an association between diel vertical migration (phototactic behavior) and life-history traits, with larger bodied genotypes remaining at greater depth during the day than smaller ones (De Meester 1994) . Although both diel vertical migration and a reduced body size lower the probability of being detected by visually hunting predators, it may often not be adaptive to decrease size at maturity while engaging in a diel vertical migration because food levels in the hypolimnion are typically low and starvation resistance is known to be higher for larger individuals (Threlkeld 1976) . A selection experiment (De Meester et al. 1995) with different Daphnia hyalina ϫ galeata clones isolated from the same lake has shown that the association between life-history and vertical migration traits may result in similar relative fitness of clones in the presence of predators.
Most authors studying the reaction of multiple traits to chemicals exuded by predators have assumed that morphological changes, such as the induction of helmets, neck teeth, and spines, should have costs (Jacobs 1967; Parejko and Dodson 1991) and that induced animals Figure 1 : Possible frequency distributions of the number of should show changes in life-history traits as a result of clones reacting to the presence of fish chemicals in a number of these costs. However, several independent studies have different traits. The solid line indicates the case that all clones shown that, in general, no strong association can be ob-react with a subset of the possible traits. The dotted line shows served between the degree of neck teeth induction and the case where some clones would not react at all (or with a very low number of traits) and others with a very high number life-history characteristics (Spitze 1992; Black 1993;  of traits (inducible and noninducible genotypes). Lüning 1994; Tollrian 1995) . This was interpreted by most of the above-mentioned authors as evidence for the low costs of neck teeth formation. If, however, the fish kairomones with all of the traits under consideration, whereas others do not react with any of the measured responses of morphological and life-history traits to the presence of fish kairomones are independent from each traits ( fig. 1, dotted line) . Alternatively, most of the clones might react with a subset of the traits measured, leading other, the presence or absence of correlated responses would depend on whether a combined response is to a curve similar to the solid line of figure 1, with the frequency of clones reacting with all traits or showing no adaptive or whether it reflects costs of the morphological defense. Results of the few studies that involved response at all being relatively low. Two factors could influence the skewness of the frequency distribution. If the two different traits indeed indicate that induced responses in different traits can at least be partly uncoupled cumulative cost of exhibiting several induced responses at the same time becomes too high, this will lead to a (Spitze 1992; Lüning 1994; De Meester and Pijanowska 1996) . skewed distribution to the right. The same skewness will be found if selection pressures on the inducibility of Thus far, no studies have been carried out to investigate specifically the degree of coupling of predator-in-other traits decline once an adaptation in one trait has evolved. duced responses in different traits. Therefore, we investigated the responses of a number of morphological, Similar patterns should be visible in computed values of genetic correlations between traits. If it is the case that behavioral, and life-history traits to the presence of fish kairomones in a set of 16 Daphnia magna Straus clones there are inducible and noninducible genotypes, then we would expect not only a high degree of genetic correlathat were isolated from different locations. Life-history, morphological, and behavioral data were collected to tion between these traits but, even more important, high genetic correlations between the change in the values of yield a data matrix of 12 traits by 16 clones. Figure 1 shows two of the possible outcomes of this experiment. these traits to the presence of predator kairomones as well. Under the hypothesis that the responses of the difAccording to the implicit assumption in many earlier articles on predator-induced responses in which reference ferent traits to the presence of predator kairomones are uncoupled, one expects generally low values for the geis made to inducible and noninducible genotypes, the expectation is that some clones will react to the presence of netic correlation between the induced changes among traits. We further investigated whether suites of traits their mothers. The neonates from the second brood of these animals were used in the life-table experiment. that tend to react simultaneously to the presence of predator kairomones could be identified. Finally, in our analThe experimental vessels (200 mL) were stocked with seven neonates per vessel and were subjected to the folysis of clones from four different habitats, we expect to find a higher correlation of the responsiveness with re-lowing treatments in a full factorial design: fish water/ nonfish water, crowded water/noncrowded water, short spect to a particular trait among clones isolated from the same habitat, as these clones faced more similar selective day/long day. Fish water was obtained from a 40-L aquarium, which contained two fish (Leuciscus idus L.) of pressures, than among clones isolated from different habitats.
approximately 5 cm in length. Water was collected from this aquarium daily, filtered through a 0.45-µm filter, and aerated for 10 min. The aquarium was refilled with Material and Methods unfiltered water from the nearby Lake Schöhsee. The fish were fed daphnids daily, but care was taken that feeding Clonal lineages were established from Daphnia magna populations inhabiting four sites in Germany and Bel-was done in water that was subsequently discharged, such that the fish-conditioned water could not be influenced gium: two lakes with fish present and two ponds that contain no fish. From each population, we worked with by Daphnia alarm substances. Crowded water was obtained by filtering water (0.45-µm filter) previously infour clones. The Belgian clones originated from Lake Blankaart, a shallow hypertrophic lake in which fish, in-habited by a very dense (Ͼ300 individuals L Ϫ1 ) population of a Daphnia pulex de Geer clone. Daphnia pulex cluding bream (Abramis brama L.) and roach (Rutilus rutilus L.), are present in relatively high densities, and was used for generating crowded water in order to avoid interference from a closer relationship of one of the exfrom Citadelpark, a fishless pond in the city of Ghent. The German clones were collected from the Großer Bin-perimental clones with the animals that conditioned the crowded medium. Moreover, the D. pulex clone used has nensee, a shallow, slightly brackish, and hypertrophic coastal lake, which contains unknown densities of bream, been shown to affect life histories of D. magna (Hobaek and Larsson 1990) . The crowded cultures were resuproach, and perch (Perca fluviatilis L.; Lampert 1991), and from the Rixdorfer Pferdetränke, a small eutrophic fish-plied daily with 0.45-µm filtered Schöhsee water and fed three to four times daily with S. acutus at a concentration less pond.
Most Daphnia species are cyclic parthenogens: during higher than 1 ϫ 10 6 cells mL Ϫ1 . Fish medium and crowded medium consisted of half conditioned water the largest part of the growing season, reproduction takes place through ameiotic parthenogenesis, and sexual re-and half 0.45-µm filtered Schöhsee water; the fish medium plus crowded medium consisted of half fish water production occurs relatively seldom. Sexual eggs are resting stages and are protected by a hard case called an and half crowded water. All animals were kept at 20°C and fed with Scenedesmus at 0.8 mg C L Ϫ1 . Half of ephippium. To ensure that the experimental clones would be genetically distinct, clonal lineages were established the animals were subjected to a long-day photoperiod (16L :8D), the other half were kept under short-day light from resting eggs, collected from the different habitats. This ensured that the clones taken in this study were a conditions (8L :16D). This setup resulted in a total of 2 (day length) ϫ 2 (fish factor) ϫ 2 (crowding factor) ϫ 4 random representation of the gene pool at the start of the growing season. For all but one population, ephippia col-(populations) ϫ 4 (clones) ϫ 2 (replicates) ϭ 256 experimental vessels. The use of this range of environmental lected in the habitat were hatched in the laboratory. The clones from Citadelpark hatched in situ. Four clones per conditions creates a suitable data set for the analysis of responses to fish kairomones as the results obtained from location were chosen randomly and cultured in 1-L jars in the laboratory for many generations before the experi-these experiments should have a more general bearing than the mere comparison of animals under conditions ments were performed.
Neonates were collected from the stock cultures, and with and without fish chemicals.
The following life-history parameters were used in the six to 10 individuals were placed into 200-mL jars. These individuals, the grandmothers of the experimental ani-analysis to contrast traits of animals grown under fish and nonfish conditions: size at maturity, age at maturity, mals, were kept at 20°C, under a long-day photoperiod (16L:8D) and fed with the green alga Scenedesmus acutus mature growth (size of the fourth adult instar minus size at maturity), number of eggs produced by the first adult Meyen from chemostat cultures. Algal concentration of the medium was 0.8 mg C L Ϫ1 , and medium was re-instar, number of eggs produced by mature instars 2-4, size of the newborn produced by the first adult instar, freshed daily. Third-brood neonates of these animals were isolated to serve as mothers for the experimental and the percentage of males produced by six adult instars. Three morphological traits, known to affect prey animals and were subjected to the same conditions as vulnerability, were measured. Length of the tail spine at persons, inexperienced in handling Daphnia, were asked to catch the animals with a pipette (0.4 cm internal dimaturity and length of the tail spine of newborns produced by the first adult instar female have been shown to ameter). The time needed to pick up 10 animals individually was recorded to the nearest 0.1 sec. All animals used affect handling times by predators (e.g., Swaffar and O'Brien 1996) . Eye size affects the visibility of the prey to were cultured in 1-L jars and fed a high concentration of S. acutus daily. In order to avoid differences other than visual predators (e.g., Zaret and Kerfoot 1975) . We measured the size of the eyes of fifth adult instar individuals the behavioral ones, all animals were cultured in the absence of fish kairomones, and only 12 h prior to the exin animals grown under long-day conditions.
Although several studies have shown that significant periments, half of the animals were transferred to fishconditioned water. Each ''predator'' sampled each of the phenotypic correlations do exist between some of the morphological and life-history traits studied here (e.g., 32 populations (16 clones; two treatments) in random order. As predator efficiency was highly variable between between size at maturity and size of the neonates; Boersma 1995), the traits listed above were chosen to repre-persons, we analyzed the data using Wilcoxon paired sample tests, matching the catching efficiency per predasent a set of almost independently measurable traits, among which no a priori correlations are expected be-tor for each clone under control conditions and with fish kairomones present. cause no measurements are used in more than one trait. We did not, for example, use the intrinsic rate of populaAll experiments combined resulted in a matrix of 16 clones and 12 character traits per clone (table 1). In our tion increase, r, as a trait because this quantity is computed from the age at maturity and the number of off-tests, we used a significance level of .05, and no correction for multiple tests was made, as the often used, but spring produced. Per clone and per character trait threeway ANOVAs were carried out with fish/nonfish, still very conservative, sequential Bonferroni test (Rice 1989) would require the smallest P value in this table of crowded/noncrowded, and long day/short day as fixed factors, and the significance of the fish factor effect was 192 tests to be . 05/192 (ϭ .00026 ) to obtain statistical significance at the .05 level. Given the error and effect assessed. For eye diameter, two-way ANOVAs were performed.
variation observed in our experiments, this would mean that we should have taken more than 30 replicates per Two behavioral traits, phototaxis and escape reaction (alertness), were assessed in separate experiments, con-clone instead of the eight we had now. This would have resulted in a total of around 1,000 experimental vessels, trasting only fish and nonfish conditions. All 16 clones were assessed for their phototactic behavior following a value clearly outside the range of normal laboratory possibilities. Moreover, we were interested in patterns of earlier research (De Meester 1991) . The experimental setup consisted of a glass column, 25 cm high and 5 cm reaction and correlated responses, and these patterns will also be visible at lower levels of significance. internal diameter, filled with dechlorinated tap water. The column was placed in a darkened box and illumiGenetic correlations between traits and between the responses of the traits were computed to assess the degree nated from above. The vertical distribution of 10 naive test animals was recorded for 10 min, at 1-min intervals. of genetic coupling of the traits. For this, ANOVAs and MANOVAs were carried out per treatment, and the averThe observations of the second 5 min were averaged in the calculation of the phototactic index. This phototactic age of the computed genetic correlations was computed over all treatments (Spitze et al. 1991) . As the two behavindex was defined as (U Ϫ L)/(U ϩ M ϩ L), in which U, M, and L are the number of animals observed in the ioral traits were not measured in the same animals, the genetic correlations between these traits, and between upper (12 cm), middle (10 cm), and lower (3 cm) compartment, respectively. Three experiments were carried these traits and the morphological and life-history traits, were computed by random coupling of values for out, each with new animals, yielding three observations per clone and treatment, with the two treatments being morphology/life history with the behavioral data.
To assess the degree of coupling in the reactions of difthe culture of the animals in the absence or presence of fish kairomones (at high food concentration and 20°C; ferent traits, we also computed the genetic correlations in the plasticity of the traits. We used the percentage change see De Meester 1991 , for more details). Significance of the phototactic response for each clone was calculated induced by the presence of fish kairomones as input data for the ANOVAs and MANOVAs (Spitze et al. 1991 ), using t-tests.
Alertness of the different clones under control condi-through randomly pairing the values obtained from animals cultured in the absence and presence of fish kairotions and in the presence of fish kairomones was established according to a protocol developed earlier (De mones and otherwise identical conditions. This method, however, most likely involves high variation as a result of Meester and Pijanowska 1996). Populations of 10 adult females per clone were introduced into 1-L beakers. Nine the random pairing. Therefore we also performed cluster analysis on the data (complete linkage, Euclidean dis-of significant traits per clone. The comparison of figures 1 and 3 shows that the solid line of figure 1 describes our tances) and analyzed whether we would find suites of responses-that is, do some clones react with a certain set actual results more accurately than the dotted line, but it also becomes clear that the actual frequency distribution of traits whereas others react with other ones?
Discriminant analysis was carried out to assess whether is heavily skewed to the right. Even most clones isolated from fishless environments there were significant differences in the reactions of clones isolated from different habitats-that is, do clones (Citadelpark and Rixdorfer Pferdetränke) exhibited a significant reaction to fish kairomones for at least one trait isolated from locations where fish are present react with a different set of traits to the presence of fish chemicals and, thus, can recognize the chemical presence of fish.
Although there was a tendency for the clones isolated than clones isolated from fishless lakes? Both the discriminant analysis and the cluster analysis were carried out on from fishless environments to be less responsive (averaging 1.75 responsive traits per clone) than clones isolated the measured differences between the animals under fish and nonfish conditions, and the data were standardized from habitats with fish (2.88 significant traits per clone), this difference was not significant (Mann-Whitney Ubefore being used in these analyses. test, U ϭ 22; P ϭ .27). The relatively low percentage of significant genetic corResults relations between different traits (19 from a total of 66, or 29%) shows that the link between the different traits All but one of the traits under study showed a significant reaction in at least one of the clones, but none of the was not very strong (table 2). This suggests that the traits are largely uncoupled. As a result of the necessity to coutraits was significantly affected by the presence of fish factor in all of the clones tested (table 1). All clones re-ple different individuals to be able to compute genetic correlations in the changes in traits, the variation, as acted with at least one trait, but none reacted with a shift in all of the traits studied. The reaction norms of the 16 computed by the jackknifing technique described by Meyer et al. (1986) , was large, and none of the genetic clones for the 12 traits are shown in figure 2. Solid lines indicate significant differences between fish and nonfish correlations was significantly different from 0. Moreover, four of the traits showed negative genetic variances, and, conditions. Figure 2 shows that, within traits, the direction of most of the significant responses is the same. The hence, it was not possible to compute genetic correlations with these traits. Cluster analysis ( fig. 4 ) revealed maximum number of traits showing a significant reaction to fish chemicals in a given clone was seven out of three major groups, none of which is exclusively characterized by one type of trait (morphology, life history, be-12, for one clone collected from the Großer Binnensee (table 1) . Phototactic behavior and size at maturity were havior), although the two behavioral traits clustered together. The first cluster can be best described as ''adult'' the most responsive traits. Figure 3 summarizes these results and shows the frequency distribution of the number characteristics, the second one is a combination of . Lines with filled symbols indicate clones with a fish background (black triangle ϭ Groβer Binnensee; black circle ϭ Lake Blankaart). Lines with open symbols represent clones isolated from fishless locations (white triangle ϭ Rixdorfer Pferdetrdnke; white circle ϭ Citadelpark). Significant (P Ͻ .05) differences between fish and nonfish conditions are indicated by solid lines.
behavioral and reproduction traits. The third cluster contains both adult and ''juvenile'' traits. No clear relation between these clusters and the strength of the genetic interactions was observed (cf. fig. 4 and table 2) . Interestingly, the overall correlation between the genetic correlations of the traits and the genetic correlations of the changes in these traits equaled .07, which is obviously not significant. This indicates that the traits and the changes in traits are completely unrelated.
Clones isolated from different habitats could be distinguished statistically in their reaction to the presence of fish chemicals (Wilks's λ ϭ 0.21, F ϭ 2.77, df ϭ 30, 121, P Ͻ .001). Table 3 shows the squared Mahalanobis distances between the four water bodies and reveals that nonsignificant differences existed only between the animals isolated from Rixdorfer Pferdetränke and from the Großer Binnensee (i.e., the two German populations), and between the Großer Binnensee and Lake Blankaart populations (i.e., the two populations coexisting with fish). presence of fish chemicals. All clones show at least some reaction, but the number of significant traits varies from one to seven. It is remarkable that no clone was observed that reacted to the presence of fish kairomones with changes in all the traits studied. Hence we conclude that see reduced growth or reproductive success in clones showing an induced morphological response as a conthe solid line in figure 1 describes the observed reaction patterns of the clones more accurately than the dotted straint that reflects the costs of these induced morphological defenses (e.g., Black 1993; Tollrian 1995; Repka line, although the frequency distribution from figure 3 is certainly skewed to the right.
and Pihlajamaa 1996). The inability to find correlations between the degree of morphological change and changes The lack of strong correlations between the responses to fish kairomones in different traits may reflect a low in life-history characteristics were interpreted by these authors as evidence for the noncostly nature of morphonet benefit of possessing more than one response at a time, either because of a low benefit of showing a combi-logical defenses in daphnids. Our results, however, indicate that life-history changes are adaptive responses in nation of induced responses or because of increasing costs of showing multiple responses. The fact that mor-their own right rather than the result of constraints imposed by the development of other defenses. We argue phological or behavioral responses to fish kairomones are not necessarily associated with changes in life-history that there is a lack of necessity to show both responses: if clones react to the presence of predators by forming traits suggests that the shifts in life history observed in this and other studies are not the result of costs associ-morphological defenses, the benefit of reacting with other traits may be limited. As was discussed in earlier research ated with these morphological or behavioral defenses. It is indeed important to differentiate between constraints (De Meester and Pijanowska 1996) , reacting with several traits at the same time can even be nonadaptive at times. and adaptive responses. Many authors have expected to Indeed, if clones react to the presence of fish by showing gether with our results suggest that the receptor-effector pathways are very variable, to such an extent that, in the vertical migration behavior, it is not always adaptive to decrease their size at maturity, as food levels in the hypo-present experiment, nearly every clone showed a different set of reactions to the presence of fish kairomones. This limnion are typically low and starvation resistance is known to be higher for larger animals (see De Meester (as was also argued in De Meester and Pijanowska 1996), has important consequences for future studies of the ef-1994).
Only a few studies have computed genetic correlations fects of predator-induced changes in prey species. For example, it is clear from our results that most clones can between traits in daphnids (for a review, see Spitze 1995) , and these pertain only to three major types of trade-offs: recognize the presence of predator kairomones, even though only eight out of 16 clones responded signifioffspring size versus number, present versus future reproduction, and fecundity versus age at maturity. As in-cantly with a change in phototactic behavior and five out of 16 clones showed a significant change in size at matudicated by Spitze (1995) , computed values for genetic correlations are highly variable, especially for the size rity. This implies that when assessing the importance of predator-induced phenotypic shifts, it is not sufficient to versus number of offspring correlations (see also Ebert 1993). To our knowledge, no reports exist about genetic investigate only the effect of predator chemicals on one or a few characters of the prey species, but a diverse correlations between changes in traits as a result of the presence of predators in daphnids. As a consequence of number of character traits should be studied. It indeed follows from our observations that it is not possible to the way these have to be computed (with random pairing of different individuals and, hence, the combination of categorize genotypes as being responsive or not responsive to the presence of predator kairomones; one can measurements in different organisms), we expected and observed that results for such genetic correlations are only state that a given clone does or does not show a significant shift to the presence of a predator with respect to even more variable still.
Although the clones from the fishless habitats reacted a particular trait. Still, our results also suggest that phototactic behavior and size at maturity are the traits with fewer traits to the presence of fish kairomones, this difference was not significant. It was possible, however, through which most clones show a response to the presence of fish. These are probably very important traits to differentiate between clones isolated from different habitats by discriminant analysis. This differentiation is with respect to vulnerability to fish predation and are thus the better candidates to determine patterns of local mainly due to the differences in two traits: phototactic behavior and size of the neonates. In both these traits, adaptation (De Meester 1996) .
Antipredator defenses, and the inducibility of such feaclones from habitats in which fish are present tend to respond stronger to the presence of fish chemicals than tures, have been extensively studied (e.g., Tollrian and Harvell 1998) . As stated before, for daphnids, some reclones isolated from habitats without fish. This is similar to earlier observations (De Meester 1996) of a pattern of ports suggest a certain degree of uncoupling of different responses to the presence of predators (Spitze 1992 ; local adaptation for induced changes in phototactic behavior in a set of 30 D. magna clones derived from three Black 1993; Lüning 1994; Tollrian 1995; Repka and Pihlajamaa 1996) . For other organisms, however, not much different natural populations, with clones coexisting with fish showing the stronger reactions to the presence of fish is known, although a few authors have suggested that the reaction of different traits might be at least partly uncouchemicals.
Our results do not indicate that there is a tendency for pled in such a wide array of species as mayflies (Benton and Pritchard 1990), ciliates (Kusch 1993a), and tobacco some clones to react with morphological changes and others with life-history or behavioral changes to the pres- (Rickauer et al. 1997) .
In other areas of evolutionary ecology, however, the ence of fish chemicals. Different clones showed totally different sets of reactions (see also table 1). The main re-uncoupling of different adaptations has been explored.
For example, Rees (1993 Rees ( , 1994 showed theoretically that sult of our analysis is, hence, that the reactions of different traits to the presence of predator kairomones are to a the evolution of iteroparity reduces selection for prolonged seed dormancy. He and others (Hairston and large extent uncoupled. Only a few studies have provided data that allow an assessment of these uncoupling phe-Cáceres 1996) argue that in fact iteroparity and prolonged diapause can be seen as alternative mechanisms to nomena in daphnids. It has been observed (De Meester and Pijanowska 1996) that two behavioral traits were to solve the same problem of temporal environmental variations and that there is no reason to have both iteroparity some extent uncoupled in D. magna, and Spitze (1992) and Lüning (1994) have provided data indicating that and prolonged diapause. Likewise, Venable and Lawlor (1980) showed that dispersal and prolonged dormancy neck teeth induction and life-history characteristics are uncoupled in Daphnia pulex. These literature data to-are alternative ways to adapt to a temporally varying en-vironment. Most of the studies cited above have been
